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Abstract. The preparation of a nano-sized LaFeO3 powder by a soft-chemistry method using 
starch as complexing agent is described herein. Phase evolution and development of the 
specific surface area during the decomposition process of (LaFe)-gels were monitored up to 
1000 °C. A phase-pure nano-sized LaFeO3 powder with a high specific surface area of 25.7 
m2/g and a crystallite size of 37 nm was obtained after calcining at 570 °C. TEM 
investigations reveal a porous powder with particles in the range of 20 to 60 nm. Calcinations 
to 1000 °C result in crystallite sizes up to 166 nm. Dilatometric measurements of the sintering 
behaviour show that the beginning of shrinkage of pellets from the nano-sized powder is 
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downshifted by more than 300 °C compared to coarse-grained mixed-oxide powder. The 
orthorhombic  rhombohedral phase transition was observed at 980 °C in DTA 
measurements for coarse-grained ceramic bodies. The enthalpy change (∆H) during the phase 
transition and the thermal expansion coefficient (αdil) for ceramics was determined as 410 
J/mol and 11.8⋅10-6 K-1, respectively. Whereas the enthalpy changes during the phase 
transition of the nano-sized LaFeO3 powders are ≤ 200 J/mol.  
 






Perovskite-related materials based on lanthanum orthoferrite (LaFeO3) are of interest because 
of their broad applications in advanced technologies. LaFeO3 based materials can be used as 
catalyst for the decomposition of e.g. hydrocarbons, chlorinated Volatile Organic Compounds 
(VOCs) or by the reaction between NO and CO [1,2,3,4]. They are also candidates as 
catalysts in heterogeneous Fenton-like reactions for the wet peroxide oxidation of 
hydrocarbons [5,6] and as photocatalysts [7,8]. Furthermore, doped and undoped lanthanum 
orthoferrites are applied as sensor materials [9,10,11] and as electrode materials in Solid 
Oxide Fuel Cells (SOFCs) [12,13,14,15]. 
LaFeO3 is a ferromagnetic insulator with a Néel temperature of 467 °C [16]. At room 
temperature it crystallizes in the orthorhombic perovskite structure and exhibits a phase 
transition to the rhombohedral modification at about 987 °C [17]. 
The conventional mixed-oxide synthesis of LaFeO3 requires high preparation temperatures 
and long reaction times. It results in powders with low specific surface area which is 
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disadvantageous because powders with high specific surface areas can improve the catalytic 
activity and the densification behaviour of compacts [18,19]. 
To obtain fine-grained or nano-sized LaFeO3 powders a number of wet-chemical syntheses 
have been developed such as precursor methods [20,21,22,23], sol-gel and combustion routes 
[7,24,25]. Nano-sized powders by a microemulsion route were reported by Giannakas et al. 
[26] and Li et al. [27]. A microwave-assisted synthesis is described by Prado-Gonjal et al. 
[28]. Liu and Xu [29] used glucose as a complexing agent in a sol-gel process to produce 
nano-LaFeO3. Various thermal synthesis of nano-LaFeO3 results in a porous microstructure of 
the powders [7,20,25,30,31,32,33,34,35]. 
The aim of this paper is to describe a simple and fast preparation route to obtain nano-sized 
LaFeO3 powders using starch as a complexation agent and gellant. We use starch because it is 
an eco friendly and cheap abundant biopolymer. The phase evolution during the 
decomposition process was monitored by XRD and thermal analysis. For the obtained 
nanocrystalline LaFeO3 powders the phase transition temperatures and enthalpy changes from 
the orthorhombic room-temperature to the rhombohedral high-temperature modification were 
studied. The sintering behaviour and microstructure of resulting LaFeO3 compacts were 
determined by dilatometry and SEM. 
  
2. Experimental 
2.1. Material preparation 
La(NO3)3⋅6H2O (0.006 mol, Merck) and Fe(NO3)3⋅9H2O (0.006 mol, Merck) were dissolved 
in 15 ml water and 2 g soluble starch (Sigma-Aldrich) were added. The turbid solution was 
continuously stirred at room temperature and after 15 min the heating plate was raised to 
about 120 °C. After about 5 min the solution turned to a highly viscous orange gel. This 
(LaFe)-gel was calcined in static air at various temperatures up to 1000 °C (heating rate 5 
K/min). Calcination at 570 °C for 2 h yielded a nano-sized LaFeO3 powder (1a), as described 
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in detail below. Powder 1a was mixed with 5 mass% of a saturated aqueous polyvinyl alcohol 
(PVA) solution as a pressing aid and then the powder was pressed into pellets with a green 
density of about 1.6−1.7 g/cm3. 
For comparison, a coarse-grained LaFeO3 powder (2) was prepared via a semi-conventional 
mixed-oxide method. La2(C2O4)3⋅9H2O (SKW Stickstoffwerke Piesteritz GmbH) and Fe2O3 
(Sigma-Aldrich) were ball milled using ZrO2-balls with a molar ratio of 1:1 for 24 h in 30 ml 
propan-2-ol using ZrO2-balls. After drying, the mixture was calcined at 1200 °C for 8 h 
(heating rate: 5 K/min) to obtain LaFeO3. Pressing of pellets was carried out as described 
above. The resulting compacts had a green density of about 4.0−4.1 g/cm3. 
 
2.2. Characterization 
X-ray powder diffraction (XRD) patterns were recorded on a STOE STADI MP 
diffractometer at room temperature using Co−Kα1 radiation. Powder patterns were refined 
with the profile fitting software PowderCell [36]. Crystallite sizes were determined from the 
XRD line broadening using the Scherrer equation [37] and the integral peak breadth (software 
suite WinXPOW [38]). The Wilson-equation was used to determine the strain parameter 
[38,39]. Dilatometric investigations were performed in flowing synthetic air atmosphere (50 
ml/min) in a Setaram TMA 92-16.18 dilatometer. Simultaneous thermogravimetric (TG) and 
differential thermoanalytic (DTA) measurements in flowing synthetic air (30 ml/min) were 
performed using a Netzsch STA 449 system. The TG/DTA measurements of the 
decomposition of the (LaFe)-gel were carried out on a sample preheated at 200 °C for 1 h. 
The specific surface areas (BET) of the LaFeO3 samples were determined using nitrogen 
three-point gas physisorption (Nova 1000, Quantachrome Corporation). The equivalent BET 
particle diameters were calculated assuming a spherical or cubic particle shape [40]. ATR-
Fourier transformed infrared (FT-IR) spectra were collected at room temperature using a 
Bruker Tensor 27 spectrometer equipped with a diamond ATR unit. TEM images were 
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recorded with a Philips CM20Twin at an electron energy of 200 keV. Scanning electron 
microscope images were recorded with a Philips XL30 ESEM (Environmental Scanning 
Electron Microscope). 
 
3. Results and discussion 
3.1. Powder characterization, TG-DTA, XRD and IR 
Heating of the (LaFe)-gel at 200 °C in air for 1 h resulted in a black-brown powder. 
Simultaneous TG/DTA investigations (heating rate 5 K/min) were carried out on this powder. 
As shown in Fig. 1a the sample shows a very slight weight loss of about 1.6 % up to 190 °C. 
At higher temperatures decomposition processes until 610 °C lead to a total weight loss of 
approximately 31.0 %. During these decomposition processes we observed three strong 
exothermic DTA signals. The first exothermic process has an onset temperature of 230 °C and 
the last two signals occur between 310 and 470 °C. These exothermic peaks suggest a self-
combustion-like process in which nitrate ions act as an oxidizing agent and starch as fuel. A 
last sharp weight loss occurs between 610 and 680 °C and is accompanied by a weak 
exothermic DTA signal with an onset temperature of 617 °C. IR spectroscopy of a sample 
heated up to 600 °C shows strong CO32- absorption bands, whereas XRD pattern shows only 
an X-ray amorphous product. From this finding the last weight loss can be assigned to the 
decomposition of carbonate compounds, probably lanthanum carbonate, formed during the 
combustion of the organic component. This weight loss is linked with the formation of the 
perovskite crystal lattice as revealed by XRD (see below). The total weight loss up to 900 °C 
is 35.3 %. XRD investigations of the final ochre coloured product indicated orthorhombic 
LaFeO3 [41].  
TG/DTA measurements in argon atmosphere (Fig. 1b) show a very broad exothermic signal 
between 80 and 890 °C. The multi-step decomposition process is finished only at 930 °C and 
lead to a total weight loss of 39.7 %. XRD measurements of the black-brown residue reveal a 
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mixture of orthorhombic LaFeO3 (main phase), hexagonal La2O3 and small amounts of 
elemental iron [41]. This shows that oxygen is essential for the combustion-like 
decomposition process to yield phase pure LaFeO3. 
Fig. 2 shows the phase evolution during the thermal decomposition of the orange (LaFe)-gel 
heated in a muffle furnace in static air at various temperatures for 2 h (heating rate 5 K/min). 
The starting (LaFe)-gel (Fig. 2a) is X-ray amorphous. After calcination at 400 °C a brown X-
ray amorphous powder was obtained (Fig. 2b). A powder pattern after a heat treatment at 500 
°C hints the presence of La2O3 [41] with low crystallinity, while no LaFeO3 was detected 
(Fig. 2c). At 550 °C besides reflections of La2O3 the evolution of LaFeO3 [41] can be 
observed (Fig. 2d) and a calcination temperature of 570 °C leads to an ochre fluffy phase-pure 
orthorhombic LaFeO3 powder (1a) (Fig. 2d). In contrast to the thermoanalytic results the 
formation of phase pure LaFeO3 is achieved even below 600 °C, because of the long 
calcination time of 2 h. With increasing calcination temperature all powders show only 
reflections according to orthorhombic LaFeO3 (Fig. 2f). The LaFeO3 powder 1a has a BET 
specific surface area of 25.7 m2/g corresponding to an equivalent particle size of 35 nm, 
which can be considered the average size of the primary particles [42]. The volume-weighted 
average crystallite size (Scherrer equation) was calculated as 37 nm [37]. According to the 
Wilson-equation [39] the root-mean-square-strain was found to be 0.003. TEM investigations 
(Fig. 3) of sample 1a show a highly agglomerated powder with porous features. The 
individual particles are mainly in the range of about 20 to 60 nm. Sporadically, we find also 
particles up to about 100 nm. The pores have diameters of about 15−50 nm.  
The XRD pattern of the nano-scaled LaFeO3 powder was refined on the basis of a primitive 
orthorhombic unit cell (space group: Pbnm) according to Marezio and Dernier [43]. We 
calculated the unit cell parameters as a = 555.31 pm, b = 556.29 pm, c = 786.71 pm, V = 
243.03⋅106 pm3. These lattice constants correspond well to previously reported data for pure 
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LaFeO3 [28,35,44]. The lattice parameters do not significantly change with increasing 
calcination temperature. 
Tab. 1 lists the BET specific surface areas, the equivalent particle sizes and the crystallite 
sizes of all synthesized LaFeO3 powders. As expected the specific surface area (SBET) decrease 
with increasing calcination temperature. The logarithmic variation of SBET versus the 
reciprocal absolute calcination temperature can be fitted by an Arrhenius equation [45] as 
shown in Fig. 4: 
SBET = A⋅e RT
E A−
  (1)  
where A is a pre-exponential factor, EA is the activation energy for the reduction of the 
specific surface area, T the absolute temperature and R the universal gas constant. The 
Arrhenius plot given in Fig. 4 shows a positive slop because the specific surface area is 
reduced with increasing calcination temperature [45]. The activation energy was calculated as 
EA = 28 ± 2 kJ/mol. Andoulsi et al. [33] found a similar activation energy of EA = 20 kJ/mol 
during the calcination of nano-LaFeO3 prepared by a polymerizable complex method using 
ethylene glycol and citric acid. In contrast, the decomposition of a La[Fe(CN)6]⋅5H2O 
complex reveals an activation energy for the reduction of the specific surface area of 46 
kJ/mol [46]. 
FT-IR (ATR) spectra of the starting (LaFe)-gel and the corresponding calcination products 
after heating at 570 °C (powder 1a) and at 1000 °C (powder 1e) are shown in Fig. 5. The 
(LaFe)-gel (Fig. 5a) exhibits a broad band between about 3700 and 2600 cm-1 primarily 
caused by O−H stretching vibrations from water molecules and C−H stretching vibrations 
from the starch [47]. The O−H bending mode results in an absorption band at 1633 cm-1 [48]. 
Additional bands at 1042 and 1328 cm-1 (shoulder at 1406 cm-1) are due to anti-symmetric 
and symmetric N−O vibrations from the NO3-- ions [48]. The shoulder at 1406 cm-1 represents 
O−C−H, C−C−H, and C−O−H bending modes from the starch [47]. C−O−H groups cause 
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C−O stretching vibrations at 1152 cm-1, whereas C−O stretching modes from C−O−C groups 
appear at 1079 and 1021 cm-1 [49].  
Calcination at 570 °C (powder 1a, Fig. 5b) leads to a diminishing of most of the above 
described structures but also results in a sharp band at 541 cm-1, which can be assigned to a 
Fe−O stretching vibration and further peaks at 397 and 316 cm-1 corresponding to Fe−O−Fe 
bending or deformation modes [50,51]. Weak adsorptions at about 1481 and 1392 cm-1 
indicate unidentate adsorbed carbonate groups on the particle surface [20,52,48], which 
disappear at higher calcination temperatures. Thermal treatment at 1000 °C (powder 1e) leads 
to a similar IR spectra, however the intensity of the carbonates bands are strongly reduced 
(Fig. 5c).  
For comparison purposes we also investigated a coarse-grained LaFeO3 powder (2) obtained 
from a semi-conventional mixed-oxide process with calcination at 1200 °C for 8 h. This 
reference sample has a specific surface area of 2.6 m2/g and thus an equivalent particle size of 
348 nm. The IR spectrum of powder 2 shows the typical Fe−O bands without any detectable 
carbonate bands (Fig. 5d). 
 
3.2. Sintering behaviour, microstructure and phase transition 
Fig. 6 shows non-isothermal dilatometric investigations up to 1500 °C in flowing air of 
compacts from the nano-powder 1a and the coarse-grained powder 2. Since the green 
compacts 1a (1.7 g/cm3) and 2 (4.0 g/cm3) strongly differ in their densities, the values of the 
relative shrinkage are not directly comparable. Therefore, from the relative shrinkages the 
evolution of the relative densities depending on temperature was calculated assuming an 
isotropic behaviour. 
A slight shrinkage of compact 1a starts from about 750 °C and at 1130 °C the shrinkage 
increases considerably (Fig. 6). The shrinkage rate reaches a maximum value of -1.19 %/min 
at 1335 °C as shown in the inset in Fig. 6. Above ≈ 1450 °C we observe only a very slight 
9 
length decrease. The calculated relative density reaches 91 % at 1500 °C. In contrast, the 
shrinkage of the coarse-grained compact 2 starts only at about 1100 °C and a significant 
increase in shrinkage can be observed above 1200 °C. Two maxima of the shrinkage rate at 
1355 °C and at 1406 °C with low rates of -0.20 %/min and -0.18 %/min were found. The 
densification leads to a relative density of only 74 % up to 1500 °C. The shrinkage rates of 
both compacts indicate sliding processes as the dominant mechanism, because diffusion 
processes alone would result in shrinkage rates of less than 0.1 %/min [53,54].  
The final bulk densities of ceramic bodies of 1a and 2 after isothermal sintering at various 
temperatures with soaking times of 1 and 10 h, respectively, in static air are shown in Fig. 7 
(heating-/cooling rate: 5 K/min). The absolute bulk densities of the sintered bodies were 
calculated from their weight and geometric dimensions. The relative bulk densities were 
calculated with respect to the crystallographic density of 6.64 g/cm3 [55]. Coarse-grained 
powder compacts of 2 show an insufficient densification behaviour. Even after sintering at 
1400 °C for 10 h we obtained ceramic bodies with a relative density of only 88 % (Fig. 7). 
However, compacts from the nano-sized powder 1a show an improved densification. 
Sintering at 1300 °C (1 h dwelling time) even leads to dense ceramic bodies with a relative 
bulk density of 90 %, which is raised to 95 % at 1400−1450 °C (1 h). The microstructures of 
these ceramic bodies are shown in Fig. 8. The SEM images reveal grain sizes between about 
0.6−1.5 µm (1300 °C, Fig. 8a), 12−33 µm (1350 °C), 15−36 µm (1400 °C), and 30−85 µm 
(1450 °C, Fig. 8b). By raising the sintering time to 10 h we obtained dense ceramics (rel. 
density ≥ 90 %) at a temperature of 1250 °C as shown in Fig. 7. Up to 1350 °C the relative 
density increases to 97 %. After soaking time of 10 h the ceramics shows grains of about 
0.8−3 µm (1250 °C, Fig. 8c), 2−7µm (1300 °C), and 16−70 µm (1350 °C, Fig. 8d). The 
improved densification of powder 1a is a result of its nano-scaled morphology because of the 
large amount of amorphous or defect-rich grain boundaries, which promote sliding processes 
[56,54].  
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Fig. 9 shows DTA investigations of the orthorhombic  rhombohedral phase transition. The 
transition temperature was determined by the onset of the DTA signal during the heating 





  (2) 
where m is the sample mass, A the peak area and k is an instrument-specific proportionality 
factor. The DTA melting peak of high-purity gold with ∆H = 12.36 kJ/mol (1064 °C) [59] 
was used to determine the proportionality factor (k) assuming k does not significantly change 
in the studied temperature interval of the phase transition of LaFeO3.  
In the literature phase transition temperatures between 980 °C and 1005 °C have been 
reported [17,60,61]. DTA measurements on LaFeO3 powders 1c, 1d and 1e (see also Tab. 1) 
reveal orthorhombic  rhombohedral phase transition temperatures of 992, 993 and 998 °C 
(Fig. 9a-c). The corresponding enthalpy changes were calculated as 55, 70 and 200 J/mol, 
respectively. Investigations on powders 1a and 1b show very weak DTA signals, which could 
not be exactingly analyzed. Fig. 9d represents the DTA curve of a LaFeO3 bulk ceramic body 
of 1a sintered at 1300 °C for 1 h. The onset temperature and enthalpy change of the 
orthorhombic  rhombohedral phase transition are 980 °C and ∆H = 410 J/mol, respectively. 
The coarse-grained powder 2 exhibits a similar transition temperature of 989 °C (Fig. 9e). The 
corresponding enthalpy change of 420 J/mol is not significant different from the bulk ceramic. 
The similar transition temperatures and enthalpy changes between powder 2 (particle-size: 
348 nm) and the ceramic body prepared from the nano-powder 1a (grain-size: 0.6−1.5 µm) 
are due the coarse-grained character of both samples. The DTA investigations during the 
phase transition show that a reduction of the particle size leads to a reduction of the enthalpy 
change, which has also been observed in other systems [62,63,64]. The reduction of the 
enthalpy changes with decreasing particle sizes is primarily a surface effect, because of the 
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increasing surface/volume ratio in small particles as pointed out by various experimental and 
theoretical studies [65,66,67,68,69,70]. 
Slightly higher transition temperatures of fine-grained LaFeO3 powders compared to bulk 
ceramics are also described by Fossdal et al. [61]. The magnetic phase transition (not shown) 
was observed by a broad DTA signal between about 460−480 °C in all samples.  
The orthorhombic  rhombohedral phase transition was also observed by dilatometric 
measurements on LaFeO3 ceramic bodies (sintered at 1300 and 1400 °C) as it gives rise to a 
sudden length change of the curve indicating a first-order character of the phase transition 
(inset in Fig. 9). The transition temperature was determined to 1004 °C at the point of 
inflection of the measured curve. 
The average linear thermal expansion coefficient (αdil) of bulk ceramics was determined by 






  (3) 
(L0 − lengths of the ceramic body at RT, ∆L − length change in the temperature range ∆T). 
Between 220 and 450 °C an average linear thermal expansion coefficient of 11.8⋅10-6 K-1 was 
found, which corresponds well with literature data [61]. 
 
Conclusion 
Nano-sized LaFeO3 powders were synthesized by a soft-chemistry method using starch as a 
complexing agent and gellant. Calcination of the resulting (LaFe)-gel at 570 °C for 2 h leads 
to a very fluffy phase-pure LaFeO3 powder (1a) with a specific surface area of 25.7 m2/g and 
a crystallite size of about 37 nm. TEM images shows a porous powder with particles mainly 
in the range of 20−60 nm. This nano-sized LaFeO3 powder shows an improved sintering 
behaviour compared to a sample prepared by semi-conventional solid-state reaction. 
Dilatometric measurements of compacts from the nano-powder 1a reveal that the beginning 
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of the shrinkage is downshifted by more than 300 °C compared with the coarse-grained 
powder 2. Dense ceramic bodies (relative density ≥ 90 %) from powder 1a can be obtained 
after isothermal sintering at 1250 °C for 10 h. The orthorhombic  rhombohedral phase 
transition of LaFeO3 ceramics (grain-sizes: > 1 µm) was found to be 980 °C and is connected 
with an enthalpy change of ∆H = 410 J/mol. The average linear thermal expansion coefficient 
between 220 and 450 °C was calculated to be 11.8⋅10-6 K-1. The nano- and fine-grained 
LaFeO3 powders (crystallite sizes: 37−166 nm) show both slightly higher transition 
temperatures (992−998 °C) and a decrease of ∆H with decreasing particle-/crystallite size. 
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1a 570 °C/2h 25.7 35 37 
1b 700 °C/2h 17.1 53 54 
1c 800 °C/2h 12.0 75 80 
1d 900 °C/2h 9.1 99 106 
1e 1000 °C/2h 6.5 139 166 
2 1200°C/8h 2.6 348 - 
1)  calculated from the specific surface area  
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